Introduction
============

Nowadays, a great deal of attention is received for the use of conductive polymers such as polyaniline, polythiophene, and polypyrrole (Ppy) because of their unique physical and electroconductive properties.[@b1-ijn-10-217]--[@b4-ijn-10-217] Among them, Ppy is an ideal electroactive polymer for drug-delivery applications because of its favorable biocompatibility and antioxidant activity. The fact that Ppy can be made in degradable forms enhances its value for biomedical application.[@b5-ijn-10-217]--[@b10-ijn-10-217] However, it is chemically sensitive and has poor mechanical properties and thus poses a processability problem.[@b11-ijn-10-217],[@b12-ijn-10-217] To improve the structural and physical properties of Ppy, much research have been done to form a composite of Ppy with conventional polymers.[@b13-ijn-10-217]--[@b16-ijn-10-217] Therefore, a new generation of the conductive composites of Ppy/cellulose with high galvanostatic cycling stability (for use in flexible energy devices), high thermal stability (for use in nanofibrous membrane), high sensitivity (for use in gas sensors and biosensors), high-capacity electrochemical control solid state material (for the release of deoxyribonucleic acid oligomers), and enhanced ion absorption capacity has been developed.[@b17-ijn-10-217]--[@b26-ijn-10-217] Recently, electroactive Ppy/chitosan (CS) composite nanospheres and highly conductive Ppy/cellulose nanocomposite films with enhanced mechanical properties were introduced.[@b27-ijn-10-217],[@b28-ijn-10-217]

CS as a biodegradable, biocompatible, nontoxic, and low-cost biopolymer was used to prepare Ppy/CS composite films with the aim of increasing the mechanical,[@b29-ijn-10-217] antibacterial,[@b30-ijn-10-217] electrochemical,[@b31-ijn-10-217] and biocompatible properties of the resulting products.[@b32-ijn-10-217] Also, its unique properties allow rapid blood clotting or transdermal drug delivery.[@b33-ijn-10-217] Furthermore, its solubility in aqueous medium expands its application for food packaging films, bone substitutes, and artificial skin.[@b34-ijn-10-217]

On the other hand, organic--inorganic nanocomposite materials attracted substantial attention because of the possibility of combining the properties of organic and inorganic components.[@b35-ijn-10-217]--[@b38-ijn-10-217] Conductive polymers and oxide nanocomposites have brought out more fields of application, such as biosensors, gas sensors, conductive paints, drug delivery, and rechargeable batteries.[@b39-ijn-10-217]--[@b42-ijn-10-217] Among the metal oxide nanoparticles (NPs), zinc oxide (ZnO) NPs have been exploited as a potential material for biosensing and gas sensing because of their unusual properties, including high surface area, high catalytic efficiency, nontoxicity, chemical stability, and strong adsorption ability (high isoelectric point \~9.5).[@b43-ijn-10-217]--[@b46-ijn-10-217] Thus, bionanocomposites (BNCs) formed by combining conducting polymers, CS, and ZnO NPs possess all of the good properties of all constituents.

Among the different preparation methods, significant interest has been generated in the application of electrodeposition for the fabrication of nanocomposite films containing metal oxide NPs in a polymer matrix. Compared with other methods such as layer-by-layer self-assembly, electrodeposition offers the advantages of higher deposition rate, shorter processing time, and the possibility of the deposition of thick films at room temperature. Moreover, uniform films of controlled composition with complex shapes can be obtained on the selected areas of the substrates. The fabrication of composite films can be achieved by electrochemical codeposition of organic and inorganic components.[@b47-ijn-10-217],[@b48-ijn-10-217]

Experiment
==========

Materials and methods
---------------------

The pyrrole monomer (Fluka St Gallen, Switzerland) was distilled prior to use and stored at 4°C. ZnO nanopowder and acetic acid were supplied by Sigma-Aldrich Co. (St Louis, MO, USA). The sodium salt of p-toluene sulfonic acid (p-TS) (Sigma-Aldrich) was used as dopant. CS (molecular weight 600,000--800,000) (98.0%) was supplied by Acros Organics (Thermo Fisher Scientific, Fair Lawn, NJ, USA). In the first step, CS powder was dissolved (in grams) in 1% acetic acid solution. The mixture was left at the laboratory for 5 hours and then stirred continuously with a magnetic stirrer for several minutes at room temperature until the CS powder was completely dissolved in the solution.

The ZnO NPs with different weight ratios (5--20 wt%) were dispersed in distilled water and sonicated for 4 hours to obtain a well-dispersed suspension and enhance the disaggregation of NPs. Then it was added to the CS solution under vigorous stirring. Electrochemical deposition of Ppy/ZnO/CS BNC film was performed using a potentiostat (Elchema, Potsdam, New York, NY, USA, Model: PS 605) on the indium tin oxide (ITO) glass (Sigma-Aldrich) surface. The film was prepared in a solution with the concentrations of 0.3 M Ppy, 0.1 M p-TS, and 0.7% (w/v) CS. The deposition was performed at a constant voltage of 1.2 volts (vs standard calomel electrode \[SCE\]) for 1 hour and 30 minutes. The film was rinsed thoroughly with distilled water, peeled off from the electrode, and dried in an oven at 45°C for 4 hours. [Figure 1](#f1-ijn-10-217){ref-type="fig"} shows a schematic view of the growing polymer's chains on the surface of ITO glass in the presence of ZnO NPs and in CS-free solution.

Apparatus
---------

All electroplating experiments were performed using a potentiostat (Model: PS 605). The electrochemical cell consisted of a three-electrode arrangement with a carbon rod counter electrode (Metrohm, Switzerland) and a saturated calomel reference electrode (Metrohm) with an ITO glass working electrode.

Molecular analysis of the samples was performed by Fourier transform infrared (FTIR) spectroscopy (Perkin-Elmer, Santa Clara, CA, USA), recorded over the range of 200--4,000 cm^−1^. X-ray diffraction (XRD) experiments were carried out on an XRD-6000 instrument (Shimadzu, Osaka, Japan), and the patterns were recorded at a scan speed of 4° per minute with Cu Kα1 radiation (λ=1.54060 Å) operating at 40 kV and 40 mA.

A standard four-point probe technique (Jandel Resistivity Test Unit, Kings Langley, UK) was used to measure the electrical direct current conductivity of the Ppy/ZnO/CS conducting composite films. The thermostability property of the prepared composite was analyzed using the Mettler Toledo TGA/SDTA 851 thermogravimetric analyzer. For the analysis, 20--25 mg of the sample was heated from −50°C to 500°C at the rate of 5°C/min, with a nitrogen gas flow rate of 50 mL/min. The weight and percentage of the residue were recorded to determine the weight loss of the sample after heating.

Electron microscopy investigations of the films were performed using an LEO 1455 (JEOL, Eching, München, Germany) scanning electron microscope (SEM).

The dynamic mechanical analysis (DMA) was done using a PerkinElmer (Pyris Diamond, Germany) analyzer working in tensional mode. DMA analysis was done in the temperature range of 25°C--250°C with a heating rate of 2°C per minute at a frequency of 1 Hz under nitrogen atmosphere. Sample dimensions were typically kept quite constant to ensure reproducibility (40 mm ×60 mm).

Evaluation of antibacterial activity
------------------------------------

The in vitro antibacterial activity of the samples was evaluated by the well diffusion method using Mueller--Hinton agar through determining the diameter of the inhibition zone formed around the well, which was confirmed to be at the recommended standards of the National Committee for Clinical Laboratory Standards (NCCLS, 2000). Petri plates containing 20 mL Mueller--Hinton medium were seeded with 24-hour culture of bacterial strains. The wells were cut and 20 μL of the BNC solution was added. The plates were then incubated at 37°C for 24 hours. Streptomycin antibiotic was used as a positive control, and dimethyl sulfoxide was used as a negative control.

Evaluation of antioxidant activity
----------------------------------

The antioxidant activity of BNCs was evaluated by the scavenging activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) as a stable free radical. Maximum absorption of the DPPH free radicals with an odd electron at 517 nm decreased due to reaction with BNC. The free radicals of DPPH become paired off in the presence of a hydrogen donor and reduced to DPPHH or converted into DPPH anion through electron transfer reaction.[@b49-ijn-10-217]

For antioxidant activity measurement, 25 mg of DPPH was dissolved in 100 mL of ethanol, and then 1 mL of this solution was mixed with 1, 2, 3, 4, and 5 mg of BNCs with different contents of ZnO NPs. The reaction mixture was shaken for 30 seconds and incubated in dark conditions at 25°C for 15 minutes, after which the wavelength scanning was performed using an ultraviolet--visible spectrophotometer. The absorbance was measured at 517 nm at different time intervals and room temperatures. A decrease in the absorbance of the DPPH solution indicates an increase in the antioxidant activity. The DPPH inhibition was calculated as follows: $$\%\ \text{of~DPPH~inhibition} = \frac{A_{b} - A_{S}}{A_{b}} \times 100$$where *A~b~* is the absorption of the blank and *A~s~* is the absorption of the sample.

Results and discussion
======================

The results of FTIR studies are shown in [Figure 2](#f2-ijn-10-217){ref-type="fig"}. The FTIR spectrum of commercial ZnO powder showed a band below 500 cm^−1^ related to the characteristic adsorptions of ZnO.[@b50-ijn-10-217]--[@b52-ijn-10-217] The broad peak at \~3,120 cm^−1^ can be attributed to the vibration of OH groups of the adsorbed water molecules, and other small peaks 1,233, 1,348, and 1,750 cm^−1^ are related to the adsorbed carbonate moieties.[@b51-ijn-10-217],[@b53-ijn-10-217]

The FTIR spectrum of Ppy/CS composite film ([Figure 2](#f2-ijn-10-217){ref-type="fig"}) showed a peak around 3,390 cm^−1^ related to the N--H stretching of pyrrole and the O--H stretching of CS. A peak at 1,708 cm^−1^ is attributed to C=O (acetylated amino) stretching mode, and is evidence toward the formation of Ppy/CS composite.[@b29-ijn-10-217] The peak at 1,320 cm^−1^, which is assigned to the --C--O stretching mode of --CH~2~--OH groups in CS, has shifted to lower wave numbers in Ppy/CS composite film. A peak around 1,006 cm^−1^ is related to the C--O stretching of CS, which has overlapped with Ppy.[@b29-ijn-10-217],[@b54-ijn-10-217],[@b55-ijn-10-217]

The FTIR spectrum of Ppy/ZnO/CS film showed that the peaks observed in the spectrum of Ppy/CS composite (at 1,708 and 1,320 cm^−1^) have shifted to 1,654 and 1,362 cm^−1^, respectively. A similar shift was reported in the literature and was attributed to the formation of Ppy/ZnO/CS complexes.[@b29-ijn-10-217],[@b56-ijn-10-217],[@b57-ijn-10-217]

[Figure 3](#f3-ijn-10-217){ref-type="fig"} shows the XRD patterns of Ppy/ZnO/CS composite and pure Ppy/CS and ZnO nanopowder. The XRD pattern of Ppy/CS composite showed a broad scattering peak, which indicates a highly amorphous structure for Ppy/CS arising from the Ppy chains close to the interplanar van der Waals distance for aromatic groups.[@b58-ijn-10-217],[@b59-ijn-10-217] The diffraction patterns for Ppy/ZnO/CS composite showed the peaks of ZnO phase (JCPDS file 075--1533) corresponding to (101) and (100) reflections. The intensity of the peaks in the XRD patterns increases with the increase in the content of ZnO NPs up to 10%, where peaks become sharper.

The direct current conductivity of the Ppy/ZnO/CS BNCs was studied by increasing the percentage of ZnO NPs from 5% to 20%. The composite was prepared with a fixed concentration of pyrrole (0.3 M), CS (0.7% w/v), and p-TS (0.1 M). [Table 1](#t1-ijn-10-217){ref-type="table"} shows that the conductivity of the Ppy/ZnO/CS BNCs is decreased from 62.36 S·cm^−1^ to 33.55 S·cm^−1^ with the addition of ZnO NPs to the Ppy/CS matrix. In Ppy/CS composite the presence of CS can be linked to the pyrrole to increase the conjugation length of the polymer and electrical conductivity.[@b60-ijn-10-217] The addition of ZnO NPs interrupts the conjugation between the layers of Ppy and CS and, as a result, the conductivity is decreased. With a gradual increase in ZnO NP ratio up to 20 wt%, an intermediate layer of ZnO NPs is formed between CS and Ppy layers, in which the charge transfer takes place by the weak partial charges on the surface of ZnO NPs. So the conductivity increases to 61.15 S·cm^−1^.

The results of thermogravimetric analysis (TGA) are shown in [Figure 4](#f4-ijn-10-217){ref-type="fig"}. The first weight loss for Ppy/CS composite occurred at the temperatures between 35°C and 151°C and showed 4.3% mass loss. Since Ppy is hygroscopic, during the heating up to 150°C, the polymer loses the residual water.[@b59-ijn-10-217] The rapid loss, corresponding to polymer degradation, occurred in the temperature range 165°C--630°C. Ppy showed a residue of 63% weight retention at 708°C.

The comparison of TG curve of Ppy/CS with Ppy/ZnO/CS is also shown in [Figure 4](#f4-ijn-10-217){ref-type="fig"}. The evaluated mass loss of Ppy/ZnO/CS BNC during the heating up to 150°C showed a decrease with the increase in ZnO NP content, indicating that the affinity of composite toward humidity decreases while ZnO NP content is increased. The second mass loss for the composite film prepared from 5.0 wt% of ZnO NPs started at 175°C, and the residual sample mass was increased with increase of ZnO NP content to 20 wt%. This suggests that ZnO NPs can improve the thermal stability of Ppy/ZnO/CS BNC.

A summary of the mechanical parameters of the Ppy/ZnO/CS BNC films calculated from the stress--strain curves in different temperatures is shown in [Figure 5](#f5-ijn-10-217){ref-type="fig"}. All films exhibited a near linear elastic behavior until the film scaffolds broke. The tensile strength of the scaffolds increased with increasing of the ZnO NP content. As shown in [Figure 5A](#f5-ijn-10-217){ref-type="fig"}, the incorporation of ZnO NPs caused the storage modulus of the scaffolds to increase from 42±5.0 MPa for pure Ppy/CS films to 79±3.3, 84±1.0, and 92±3.6 MPa for the Ppy/CS films prepared with 0.0%, 5.0%, 10%, and 15% of ZnO NPs. These results indicated that increasing the content of ZnO NPs in the blended solutions reduced the strength of the resultant nanocomposite and increased the elasticity of the nanofilms scaffolds. [Figure 5B](#f5-ijn-10-217){ref-type="fig"} shows the temperature dependence of the storage modulus of Ppy film, Ppy/CS composite film, and Ppy/CS composite film with different contents of ZnO NPs. It can be seen that the Ppy film has a very low storage modulus value in the measured temperature range; however, when CS is combined with Ppy, the storage modulus (E') is increased. Likewise, ZnO NPs increase the mechanical properties of Ppy/CS composite. It is obvious that the storage modulus of prepared Ppy/ZnO/CS BNCs increases by increasing the ratio of ZnO NPs from 5 wt% to 15 wt%. This is also evidence of the incorporation of ZnO NPs into the composite structure.

The SEM images of Ppy, Ppy/CS, and Ppy/ZnO/CS (20%) BNCs films are shown in [Figure 6](#f6-ijn-10-217){ref-type="fig"}. [Figure 6A](#f6-ijn-10-217){ref-type="fig"} shows the surface morphology of the Ppy film. The microstructure of a Ppy thin film has a uniform granular morphology and its average grain size is \~200--400 nm. [Figure 6B](#f6-ijn-10-217){ref-type="fig"} shows the surface morphology of the Ppy/CS film. The image shows that the Ppy/CS film has small globular morphology with spherical ball shapes with an average grain size of about 100--1,000 nm. The SEM image of the Ppy/ZnO/CS (20%) BNC is shown in [Figure 6C](#f6-ijn-10-217){ref-type="fig"}. It clearly shows the uniform distribution of ZnO NPs into the Ppy/CS matrix, which indicates that ZnO NPs had interaction with the Ppy/CS composite. The increase in conjugation length in Ppy/CS composite is the reason for an increase in particle size of deposited film. Meanwhile, a disturbance in cross-linking of the Ppy and CS layers due to the presence of ZnO NPs decreased the particle size of the Ppy/ZnO/CS composite.

Such morphology is preferred for gas sensing and catalytic application, as it promotes adsorption of different biological and gas molecules through the film surface, so excellent sensitivity can be expected.[@b61-ijn-10-217],[@b62-ijn-10-217] All of these micrographs confirm the lack of phase separation of the films, supporting the homogeneous film formation of Ppy with CS and ZnO NPs. [Figure 6D, E, and F](#f6-ijn-10-217){ref-type="fig"} shows the energy-dispersive X-ray fluorescence (EDXRF) spectra for the Ppy, Ppy/CS, and Ppy/ZnO/CS BNCs. The peaks at around 0.3 and 0.4 keV are related to the binding energies of carbon and nitrogen in the Ppy structure. The binding energy of oxygen was observed around 0.5 keV, which can be related to the oxidation form of pyrrole. The intensity of these peaks was increased by the presence of CS in [Figure 6E](#f6-ijn-10-217){ref-type="fig"}. In [Figure 6F](#f6-ijn-10-217){ref-type="fig"}, the peaks around 0.9, 7.8, 8.3, and 8.8 keV are related to Zn^2+^ elements. Therefore, the EDXRF spectra for the Ppy, Ppy/CS, and Ppy/ZnO/CS BNCs confirmed the presence of elemental compounds in the Ppy, CS, and ZnO NPs without any impurity peaks. The intensity of the peaks is in agreement with elemental composition of synthesized BNC.

Numerous studies have been constructed for CS bacteriostatic/bactericidal activity to control the growth of algae and to inhibit viral multiplication.[@b63-ijn-10-217]--[@b66-ijn-10-217] CS has several advantages over other types of disinfectants because of higher antibacterial activity, a broader spectrum of bactericidal activity, a higher killing rate, and a lower toxicity toward mammalian cells.[@b67-ijn-10-217],[@b68-ijn-10-217] The investigation of the antibacterial properties of nano-ZnO has shown that the ZnO-assembled cotton fibers have antibacterial circle width of about 1.5--2.3 mm and 2.3--3.4 mm against *Escherichia coli* and *Staphylococcus aureus*, respectively. It has also been indicated that the antibacterial activity of fibers increases with decreasing ZnO size and increasing ZnO content.[@b69-ijn-10-217] Several mechanisms have been argued for the antibacterial activity of NPs, including generation of oxygen species to degradation of cell structure or release of ions from the surface of NPs to binding the cell membrane.[@b70-ijn-10-217]--[@b73-ijn-10-217] This result reinforces the idea that the lipopolysaccharide proteins in the cell wall structures of Gram-negative bacteria protect them against NP attacks.[@b74-ijn-10-217] Also, well inclination of NPs to amino and carboxyl groups on the cell walls of Gram-positive bacteria is the reason for the inhibitory effect of NPs against these bacteria.[@b75-ijn-10-217]

The evaluation of antibacterial activity of the synthesized Ppy/ZnO/CS BNCs was tested against Gram-positive and Gram-negative bacteria ([Table 2](#t2-ijn-10-217){ref-type="table"} and [Figure 7](#f7-ijn-10-217){ref-type="fig"}) and was conducted with the fixed concentration of Ppy (0.3 M) and CS (0.7% w/v). The test was repeated three times for each treated sample, and the inhibition zone values are presented as average values in [Table 2](#t2-ijn-10-217){ref-type="table"}. The results showed that Ppy/ZnO/CS BNCs have high antibacterial activity against Gram-positive and Gram-negative bacteria. The inhibitory effect of BNCs was increased with the increase in the content of ZnO NPs. This indicates that ZnO NPs are the effective portion of BNC that causes its antibacterial activity. Maximum inhibition was observed for the Ppy/ZnO/CS composite with 20 wt% ZnO NP and against *Pseudomonas aeruginosa* bacteria about 29.60 mm, which is comparable with the streptomycin inhibition values.

The results of the free radical scavenging capability of the BNC were detected in reaction with DPPH free radicals. It was revealed that there was a progressive decrease in the absorption band of DPPH at 517 nm with increase in the weight ratio of nanomaterial. The chemical structure of the materials is critical for their capability to donate active hydrogen atom or transfer electron to reduce DPPH. Different studies have been conducted on the antioxidant activity of Ppy and Ppy/CS composite. Hsu et al[@b76-ijn-10-217] optimized the ratio of APS/pyrrole for the synthesis of Ppy with a better DPPH free radical scavenging. Lee et al[@b77-ijn-10-217] showed that the antioxidant activity of Ppy/CS composite was affected by the partial overoxidization of Ppy at higher APS concentrations. Hsu et al[@b76-ijn-10-217] found that 3.1--3.9 pyrrole monomer units neutralized one DPPH radical.

[Table 3](#t3-ijn-10-217){ref-type="table"} shows the time-dependent antioxidant activity for the fixed amounts (1 wt%) of Ppy/ZnO/CS nanocomposite with various ratios of ZnO NPs. The results showed that the antioxidant activity of nanocomposite was enhanced from 74.814 to 79.169 with the increase of ZnO NP content within less than 100 minutes. Consequently, there was a significant increase in the antioxidant activity of the material with the addition of ZnO NPs. This finding indicates that the antioxidant activity of the BNCs increases up to a certain time (\~100 minutes). In addition, the rate of DPPH inhibitory effect decreases, indicating that there is no more proton or electron transfer to the DPPH free radical.[@b76-ijn-10-217] Furthermore, the increase rate of antioxidant activity decreases in 0--100 minutes, according to the ZnO NP amount. This confirms that the antioxidant activity of BNC is attributed to ZnO NPs, and at higher amounts of ZnO NPs, all of the DPPH radicals scavenge at the initial times of the reaction. Additionally, the rate of reaction with DPPH radicals is numerous, and some parts are less accessible or require a higher potential to be oxidized and thus react more slowly with DPPH radicals.[@b77-ijn-10-217] Also, the radical scavenger ability of the nanocomposite in DPPH solution is affected by the dispersity rate, preparation method, overoxidation, solvent, and size of material.[@b78-ijn-10-217]--[@b80-ijn-10-217]

Conclusion
==========

The conductive BNC films of Ppy, CS, and ZnO NPs were electrochemically deposited using the potentiostatic method on the ITO glass substrate. The results of FTIR, XRD, and SEM analyses showed the formation of composite films that contained ZnO NPs in a Ppy/CS matrix. The electrical conductivity measurement and the DMA results showed that the enhanced conductivity and mechanical properties of the prepared conducting polymer BNC films were due to the presence of ZnO NPs in the composite films. The enhancement of the storage modulus of Ppy/ZnO/CS NPs composite as compared with Ppy/CS composite indicates that the prepared BNC is much stiffer than the composite without ZnO NPs.

The TGA results showed that thermal stability of the Ppy/CS composite increased in the presence of ZnO NPs. The observed antibacterial properties suggest that the Ppy/ZnO/CS BNC exhibited good antibacterial activity and can be further developed for application in surgical devices, biosensors, and drug-delivery vehicles. This is due to the biodegradability of CS, with antioxidant and antibacterial properties of ZnO NPs and the electrical properties of Ppy.
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![Schematic illustration of the synthesized polypyrrole/zinc oxide (ZnO)/chitosan bionanocomposite film at the surface of the electrode.](ijn-10-217Fig1){#f1-ijn-10-217}

![Fourier transform infrared spectra for zinc oxide nanopowder, deposited film of Ppy/CS composite, and Ppy/ZnO/CS composite film.\
**Note:** Arrows show the position of characteristic peaks.\
**Abbreviations:** Ppy, polypyrrole; CS, chitosan; ZnO, zinc oxide.](ijn-10-217Fig2){#f2-ijn-10-217}

![X-ray diffraction patterns of (**A**) pure Ppy/CS, (**B**) Ppy/ZnO/CS 5%, (**C**) Ppy/ZnO/CS 10% composite films, and (**D**) ZnO nanopowder.\
**Abbreviations:** Ppy, polypyrrole; CS, chitosan; ZnO, zinc oxide.](ijn-10-217Fig3){#f3-ijn-10-217}

![Thermogravimetric curves of (**A**) Ppy/CS composite, (**B**) Ppy/CS composite with 10%, (**C**) 15%, and (**D**) 20% ZnO nanoparticles.\
**Abbreviations:** Ppy, polypyrrole; CS, chitosan; ZnO, zinc oxide.](ijn-10-217Fig4){#f4-ijn-10-217}

![Mechanical properties of the Ppy/CS nanocomposite.\
**Notes:** (**A**) Storage modulus (E') versus ZnO NP content and (**B**) storage modulus (E') versus temperature for (a) Ppy and Ppy/CS films prepared with (b) 0.0%, (c) 5.0%, (d) 10%, and (e) 15% of ZnO NPs.\
**Abbreviations:** Ppy, polypyrrole; CS, chitosan; ZnO, zinc oxide; NP, nanoparticle; wt, weight.](ijn-10-217Fig5){#f5-ijn-10-217}

![Scanning electron microscopy images and energy-dispersive X-ray fluorescence spectra of (**A**, **D**) Ppy, (**B**, **E**) Ppy/CS, and (**C**, **F**) Ppy/ZnO/CS (20 wt%).\
**Abbreviations:** Ppy, polypyrrole; CPS, counts per second; CS, chitosan; wt, weight; ZnO, zinc oxide.](ijn-10-217Fig6){#f6-ijn-10-217}

![The antibacterial activity of Ppy/ZnO/CS bionanocomposite with 5% ZnO nanoparticle content evaluated by well diffusion method against *Staphylococcus aureus*, *Pseudomonas aeruginosa*, *Escherichia coli*, *and Bacillus cereus* bacteria (the test repeated three times for each sample).\
**Abbreviations:** Ppy, polypyrrole; CS, chitosan; ZnO, zinc oxide.](ijn-10-217Fig7){#f7-ijn-10-217}

###### 

Characteristics of the investigated Ppy/ZnO/CS bionanocomposites

  Sample       ZnO nanoparticles content (wt%)   Conductivity (S·cm^−1^)   Thickness (mm)
  ------------ --------------------------------- ------------------------- ----------------
  Ppy/CS       0.0                               62.36                     0.10
  Ppy/ZnO/CS   5.0                               33.55                     0.98
  Ppy/ZnO/CS   10                                54.64                     0.10
  Ppy/ZnO/CS   15                                56.95                     0.10
  Ppy/ZnO/CS   20                                61.15                     0.99

**Abbreviations:** Ppy, polypyrrole; CS, chitosan; ZnO, zinc oxide; wt, weight.

###### 

Average inhibition zone for Ppy/ZnO/CS bionanocomposites with different content of ZnO nanoparticles

  Bacteria                                        Inhibition zone (mm)   Control positive (mm)                               
  -------------------- -------------------------- ---------------------- ----------------------- ------------- ------------- ------------
  Gram-positive        *Staphylococcus aureus*    9.02±0.061             14.53±0.030             18.36±0.010   28.63±0.010   21.2±0.020
  *Bacillus cereus*    15.62±0.078                18.26±0.061            19.18±0.030             20.83±0.017   21.2±0.058    
  Gram-negative        *Pseudomonas aeruginosa*   20.54±0.141            23.85±0.034             25.42±0.046   29.60±0.010   29.1±0.045
  *Escherichia coli*   9.00±0.043                 11.89±1.076            15.30±0.0173            17.70±0.026   21.2±0.028    

**Note:** Data shown are mean ± standard deviation.

**Abbreviations:** Ppy, polypyrrole; CS, chitosan; ZnO, zinc oxide; SM, streptomycin.

###### 

Time-dependent antioxidant activity of the Ppy/ZnO/CS bionanocomposite with different content of ZnO nanoparticles

  Time (min)   DPPH inhibition (%)                                             
  ------------ --------------------- ------------- ------------- ------------- -------------
  0            52.597±0.34           74.814±0.22   76.603±0.12   77.582±0.22   79.169±0.32
  10           52.599±0.16           75.624±0.27   78.191±0.32   79.001±0.42   80.283±0.22
  20           54.726±0.51           76.468±0.63   78.359±0.21   79.574±0.38   80.452±0.38
  30           54.827±0.33           78.461±0.33   78.764±0.21   80.249±0.40   80.722±0.31
  40           55.379±0.45           78.933±0.43   80.317±0.35   80.351±0.25   80.959±0.40
  50           55.604±0.12           79.574±0.22   80.453±0.27   80.621±0.27   81.127±0.34
  60           56.110±0.35           80.553±0.36   80.689±0.29   81.499±0.33   82.309±0.30
  70           56.178±0.24           81.161±0.38   81.769±0.37   82.376±0.52   82.984±0.33
  80           56.988±0.28           81.836±0.41   82.073±0.22   82.478±0.31   83.389±0.29
  90           58.541±0.51           82.174±0.27   83.355±0.41   83.491±0.36   83.693±0.22
  100          58.912±0.33           84.065±0.23   83.794±0.19   83.558±0.22   84.166±0.43

**Note:** Data shown are mean ± standard deviation.

**Abbreviations:** Ppy, polypyrrole; CS, chitosan; ZnO, zinc oxide; DPPH, 2,2-diphenyl-1-picrylhydrazyl; min, minutes.
